We conducted a detailed photogeological analysis of the northern portion of the South Pole-Aitken (SPA) basin (10-60°S, 125-175°W) and compiled a geological map (1:500,000 scale) of this region. Our new absolute model age for the Apollo basin, 3.98 + 0.04/À0.06 Ga, provides a lower age limit for the formation of the SPA basin. Some of the plains units in the study area were formed by distal ejecta from remote craters and basins. The characteristic concentrations of FeO and TiO 2 of other plains are indicative of their volcanic origin. The oldest volcanic materials occur near the center of the SPA basin and have an Early Imbrian age of~3.80 + 0.02/À0.02 Ga. Late Imbrian volcanic activity occurred in and around the Apollo basin. In total, the volcanic plains cover~8% of the map area and cannot account for the extensive SPA iron signature. The sources of the signature are the oldest materials on the SPA floor (FeO~11-14.5 wt%). In contrast, the ejecta composing the SPA rim are significantly poorer in FeO (<7.5 wt%). The signature could be related to the differentiation of the SPA impact melt. However, the spatial segregation of the ancient iron-rich and iron-poor materials suggests that the SPA iron signature predated the basin. Thus, the signature might be explained by a pre-SPA lunar crust that was stratified with respect to the iron concentrations, so that the SPA impact excavated the upper, iron-poorer portion of the crust to form the SPA rim and exposed the deeper, iron-richer portion on the floor of the basin.
inside the SPA does not show strong spectral signatures of olivine (Lucey, 2004) , which has been thought to be the major component of the lunar mantle. Recent Kaguya data have observed some local but limited olivine occurrences (Yamamoto et al., 2010) . The scarcity of the olivine exposures inside the SPA basin could be explained several ways. It may be that the lunar mantle consists predominantly of low-calcium pyroxene (Melosh et al., 2017) . Alternatively, the basin may have been formed during an oblique (30°) impact that involved impactor decapitation (Schultz, 1997; Schultz & Crawford, 2011) such that the impactor was unable to penetrate as deeply into the mantle.
An oblique SPA impact and its correspondingly shallower excavation depth seem to be consistent with the presence of a Th anomaly inside the SPA basin (Lawrence et al., 2000) . Although the Th concentrations on the SPA floor are lower than within the Oceanus Procellarum KREEP Terrane or the Compton-Belkovich region (Jolliff et al., 2011; Lawrence et al., 2007) , they are systematically higher than the typical Th abundance in the feldspathic highlands terrane . This may suggest the presence of a KREEP component in the SPA region. The KREEP-enriched material is thought to be the magma ocean residuum that was sandwiched between the lunar crust and mantle , which potentially could be exposed by the SPA event.
Another possibility is the formation and differentiation of a large pool of impact melt inside the SPA basin (Hurwitz & Kring, 2014; Vaughan & Head, 2014) . The fractional differentiation of a large volume of melt, if it was undisturbed and fully developed, should cause the separation and sinking of denser olivine cumulates and the concentration of a norite-like component at the top of differentiating body.
The SPA region also exhibits a distinct iron signature that has been described using Galileo, Clementine, and Lunar Prospector data Pieters et al., 2001; Lawrence et al., 2002) . The iron abundance within the SPA basin,~10-12 wt% (Lawrence et al., 2003) , is noticeably higher than in its immediate surroundings and is similar to the FeO concentrations in the Schickard-Schiller and Mare Australe regions where cryptomare deposits were detected (Antonenko & Head, 1994; Antonenko et al., 1995; Mustard et al., 1992; Lawrence et al., 2015; Whitten & Head, 2015) . The enhanced concentration of FeO on the floor of the SPA basin was interpreted as evidence for the presence of extensive cryptomaria in this area (Gibson & Jolliff, 2011) .
However, although the entire SPA interior is a region of very thin crust-thinner even than beneath the major mare basalts on the lunar nearside in Oceanus Procellarum -the floor of the SPA shows only a minor extent of volcanic plains. The presence of the small and scattered patches of the low albedo, presumably volcanic plains (Head, 1976; Head & Wilson, 2017; Pasckert et al., 2018; StuartAlexander, 1978; Wilhelms et al., 1979; Yingst & Head, 1999) on the floor of the SPA basin ( Figure 1 ) connects our study area with another fundamental problem of lunar geology: the history of volcanism on the Moon. Characterization of associations of iron-rich materials with specific rock stratigraphic units is, thus, important for the assessment of the timing and extent of volcanic activity in the SPA region.
Here we also encounter questions about the structure and extent of the lunar crust. The idea that crustal thickness is a primary control on the spatial distribution of lunar volcanic materials (Head & Wilson, 1992) is at odds with the limited number and relatively small occurrences of lava plains within the SPA interior, because this area is among the deepest topographic depressions on the Moon and represents an area of thinner crust . Thus, it is likely that factors other than crustal thickness played a more important role in the asymmetry of volcanic activity. These factors include (1) a higher concentration of the basins on the nearside, as recently documented in high-resolution gravity data from the GRAIL (Gravity Recovery and Interior Laboratory) mission (Miljkovic et al., 2013) , (2) a globally asymmetric distribution of the KREEP (potassium, K, rare earth elements, REE, and phosphorous, P) component causing global variations in volcanic activity (e.g., Wieczorek & Phillips, 2000) , (3) the absence of deep-seated structures on the lunar farside that would allow migration of magma to the surface, perhaps related to the formation of SPA basin itself (Schultz & Crawford, 2011) , and (4) the stripping of crust by the SPA impact that allowed faster cooling of the interior of SPA, compared with the lunar nearside, thus blocking magmatism (Pasckert et al., 2018) .
Specific questions that we examine in our study and that are of key importance for understanding lunar geology are as follows. What is the nature of the iron and thorium signatures and their association with the geological units in SPA basin? Do they reflect the preexisting structure of the ancient lunar crust or are they related to volcanic activity in the SPA? Why does the ancient, extensive region of the thinner crust inside the SPA show evidence for minor volcanism in comparison with the Oceanus Procellarum region? Can both mare and cryptomare on the floor of the SPA account for the enhanced concentration of iron in this area? What is the age (or range of ages) of volcanism within the SPA? What is the time lag between the formation of the basin and the emplacement of lava plains in its interior and vicinity? In addition, the robust interpretation of the compositional data requires a thorough photogeologic analysis that provides a link between the surface compositional characteristics and specific material units of known stratigraphic position. Thus, the primary goal of our investigation is the compilation of a detailed geological map of the study region ( Figure 1 ) based on new, high-quality images, which shows the distribution of material units in space and time and provide the basis for interpretation of the remote sensing compositional data.
Data and Methods
We conducted our study of the northern portion of the SPA basin on newly available medium-and highresolution images, and topographic measurements in combination with other data types, such as spectral data. These include the following: (1) Lunar Reconnaissance Orbiter (LRO) wide-angle camera (WAC) images with a pixel resolution of 100 m (Robinson et al., 2010) . A mosaic of WAC images is the main photographic base for our photogeological study. (2) High-resolution topography data from the Lunar Orbiter Laser Altimeter (LOLA) on board LRO (Smith et al., 2010) . In our study, we used the gridded topographic data with a resolution of 64 pixel/deg, which corresponds to~470 m/pixel at the equator and~390 m/pixel at the mean latitude of the study area (35°S). (3) Spectral data taken by the Clementine mission (Pieters et al., 1994) and processed into global maps of FeO and TiO 2 distributions (Blewett et al., 1997; Lucey et al., 1998 Lucey et al., , 2000 . We used these data to assess the model concentrations of FeO and TiO 2 in the units we defined and mapped based on their morphological characteristics.
To analyze the compositions of different units that we defined, we collected topographic and spectral data for pixels within each mapped unit using the random point function within ArcGIS, which allows the generation of a specified number of points that are randomly distributed within a specified sampling area. One challenge is to determine the number of required points to provide a representative sample for each investigated attribute. Thus, we estimated the necessary number of points experimentally, by first using the LOLA gridded topographic data and collecting all the pixels available within the map area (~10,000,000 points). Second, we sampled this area with an increasing number of random points that comprise 0.01%, 0.05%, 0.1%, and 0.5% of the total number of points and compared the cumulative distribution of the randomly sampled topography with those resulting from the sampling of all points (Figure 2 ). The comparison of the distributions shows that when the number of sampling points reaches 0.5% of the total population (Figure 2d ), both the true and the model distributions become indistinguishable, and a null hypothesis Figure 2 . Assessment of the number of random points that is required for a representative sampling. In all cases, dashed lines show the cumulative frequency distribution of all Lunar Orbiter Laser Altimeter data points in our study region (original population,~10,000,000 points). Solid lines indicate the distribution of points selected at random from the original population. Number of points in the random samples is shown in the upper right corner of each plot. When number of points in a random sample approaches~0.1% of the original populations (c), the distribution of points becomes indistinguishable. that they are drawn from different populations can be rejected (Kolmogorov-Smirnov test) at a high confidence level (0.999). However, in order to avoid possible biases of random sampling in our study, we increased the number of random points to 20% of the total population of pixels within each of our mapped units. Such a high proportion ensures that our analysis is unbiased and representative.
The estimation of the FeO and TiO 2 contents is more complicated, because the Clementine compositional maps were not topographically corrected. In places, the absence of such a correction disturbs the coregistration of the units defined morphologically and their representation on the compositional maps. This effect is more pronounced within higher elevation regions but remains practically negligible in the low-lying areas. To account for the shift between the morphological features in the WAC mosaics and their signatures in the Clementine maps, we used prominent impact craters that are well seen in both types of data. In cases when the locations of the same crater were different in the WAC images and the Clementine maps, we analyzed only those points that occur within the overlapping portions of the WAC mosaics and Clementine maps. We also excluded points that occur within either illuminated or shadowed slopes. Although this selection decreases the populations of the measurement points, their number still remains large enough (more than 10% of the total number) to provide a representative sample of either FeO or TiO 2 content in the mapped units.
Using the well-established procedures developed in previous photogeological studies of the Moon and the planetary bodies (e.g., Wilhelms, 1987 and references therein), we defined morphologically uniform units and mapped them to compile a geomorphological map of the study region. We then analyzed the stratigraphic relationships of these units and determined their absolute model ages (AMAs) using crater size-frequency distribution (CSFD) measurements (Michael & Neukum, 2010; Neukum et al., 2001) . We used the ArcGIS CraterTool (Kneissl et al., 2011) to map count areas and measure primary craters (>0.3 km); obvious clusters of secondary craters were excluded from the count areas. The relative and absolute dating of the units allowed the transformation of the geomorphological map into a geological map (1:500 000 scale) that shows the spatial and temporal distribution of processes that took place in the map region.
General Topography of the Study Area
The study area, located within the northern part of the SPA basin, extends from its apparent center (SW corner of the map area) to include the northeastern segment (~1,600-km long) of the basin rim (Figures 1  and 3 ). The total topographic range in this region is~17.8 km (from about À8.6 km to about 9.2 km), but the difference between the most common topographic levels on the floor and the rim of the basin is 8.5 km (Figure 3b ). The hypsographic curve or hypsogram within the study area is strongly bimodal (Figure 3b ) indicating that the entire region consists of two topographic domains: the floor and the rim of the SPA basin. The minimum of the hypsogram corresponds to the zero contour line; thus, the SPA floor domain is below the mean planetary radius (MPR) and the SPA-rim domain is above the MPR. The bimodal topographic distribution is a natural phenomenon for an area that overlays both the floor and the rim of a large impact structure with a relatively steep inner wall. However, the division of the study area into two different topographic domains is useful for our study, because both the floor and the rim domains may represent regions consisting of different types of materials.
The floor of the SPA basin is slightly tilted toward the basin center at a steady slope of~0.2° (Figure 3c ). Highfrequency topographic variations with amplitudes of~0.5-1 km characterize a large portion of the floor. These features represent remnants of ancient cratered terrains. Plains surfaces that often occur within larger impact craters are much more level with typical topographic variations of less than 100-200 m. The most prominent topographic features on the SPA floor are large (100-to 200-km diameter) impact craters that are 2-to 3-km deep (Figure 3c ).
Besides the largest and deepest impact craters, the most prominent topographic features of the SPA rim domain are segments of relatively narrow (40-to 50-km wide) ridges that are 5-to 6-km high (Figure 3a,c) . In our study area, the segments of the ridges are aligned concentrically to the basin center near the transition from the rim to the floor; a broad (100-to 150-km wide) and deep (5-to 6-km deep) U-shaped trough separates the two ridge segments (Figures 3a and 3c ). Both the ridge segments and the trough form a consistent pattern of topographically positive and negative features that outline the northeastern portion of the SPA rim and likely reflect the original configuration of the rim.
The multiring Apollo basin (~550-km diameter, Figures 4a and 4b) is the most extensive topographic depression within the study area (Figure 1b) (Baker et al., 2017; Guo et al., 2017; Potter et al., 2018) . The majority of the basin is within the SPA floor topographic domain, but the northeastern portion of the Apollo basin outer rim overlays the SPA rim domain (Figures 3a and 4a) . Thus, the location of the Apollo basin results in a pronounced difference of the heights of different portions of its outer rim, which is~3-to 5-km high within the SPA floor domain and~7-8 km within the SPA rim domain (Figures 4a and 4b) . The inner rim of the Apollo basin is seen only in the west and northeast of the basin floor and disappears both morphologically and topographically in the southeast, south, and northwest of the floor (Figures 1 and 3a) . In places where the inner ring is prominent, its height reaches~1-2 km above the surrounding terrains (Figure 4b ). The surfaces between the outer and inner rims of the Apollo basin are mostly at about À5-km topographic level and morphologically smooth with small (a few hundred meters) topographic variations (Figures 4a  and 4b ).
Definition of the Morphological Units
In the study area, there are two major classes of landforms: (1) impact craters and related features and (2) plain-forming terrains that represent both volcanic activity (lava flooding) and impact cratering (emplacement of distal ejecta from impact craters/basins).
Impact Craters and Related Features
In our study, we used the characteristics of impact craters, including the presence or absence of rays, discernible ejecta blankets, and chains of secondary craters, as well as the preservation state of the crater rims to classify the craters and crater-related landforms into several morphological categories.
Fresh Crater Landforms
Craters with prominent ray systems and ejecta blankets ( Figure 5a ): These craters have sharp rim crests, ejecta with a visible hummocky texture, and long chains of secondary craters with a crisp morphology. There are only a few tens of such craters in the study area, the largest of which is Crookes (10.4°S, 164.9°W), which has a diameter of~45 km (Figure 5a ).
Craters with discernible ejecta, but without rays ( Figure 5b ): These are typically large craters with diameters many tens of kilometers; the largest of them is crater Ioffe (14.52°S, 129.10°W, 78 km). These craters are surrounded by visible ejecta and sometimes by extensive fields of secondary craters with diameters as large as 10-15 km. The largest craters of this category show sharp rim crests, terraced inner walls, and patches of smooth, light-toned plains on their floors. There are only 10 such craters in the study region. Two of them (Finsen and Alder, Figure 1a ) are outside of the map area, but chains of their secondary craters affect the surface within the map area.
Craters with sharp-crested rims, but without discernible ejecta and rays ( Figure 5c ): These craters are typically small (diameters are 20-30 km and smaller) and abundant in the study area (we mapped about 600 such craters).
Degraded Crater/Basin Landforms
Craters without extensive ejecta blankets ( Figure 6a ): These are typically larger craters with diameters of several tens of kilometers that have a prominent, mostly completed rim and exhibit only a proximal ejecta deposit near the rim (e.g., crater Langmuir, 35.80°S, 128.78°W, 85 km diameter; Figure 6a ). The largest 
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Journal of Geophysical Research: Planets crater of this category is Oppenheimer (~200-km diameter). These craters are abundant and typically merge with each other. In these cases, their rims and the immediately surrounding ejecta form extensive occurrences whose areas can be as large as a few thousands of square kilometers. Craters of this morphological category make up the majority of the map area (Table 1) .
Massifs of the Apollo rims ( Figure 6b ): The Apollo rim massifs occur as elongated and equidimensional ridges with blocky and heavily cratered surfaces. They form the outer and inner rims of the basin.
Massifs of the SPA rim ( Figure 6c ): Morphologically, these features are similar to but more degraded than the Apollo rim massifs. They correspond to the prominent double topographic ridge-like features within the SPA rim topographic domain ( Figure 3a ). The SPA rim massifs form tall, long ridges with heavily cratered and scalloped surfaces within the northeastern portion of the SPA rim near its transition to the SPA floor. The SPA rim massifs do not occur on the outer slopes of the SPA rim.
Strongly degraded crater materials, undivided ( Figure 6d ): This morphological unit includes rugged surfaces consisting of chaotically oriented short ridges and equidimensional blocks several kilometers across and hundreds of meters high. Both the ridges and blocks likely represent remnants of the oldest craters that have been destroyed during the formation of younger craters. The strongly degraded craters are usually exposed between the other crater-related features and occur within both the SPA rim and SPA floor topographic domains.
Plain-Forming Units
Within the map area, three types of terrains form patches of morphologically smooth plains that are tens to hundreds of kilometers across. These units have different albedos and characteristic topographic features.
Low-albedo (dark) plains (Figure 7a ): These plains have an albedo that is noticeably lower than that of the surrounding terrains. The dark plains form relatively small patches several tens of kilometers across that occur on the floors of impact craters. The largest concentration of the dark plains is inside the Apollo basin, within its center, and between the inner and outer rims in the southwestern segment of the basin. The areas covered by individual occurrences of the dark plains vary significantly from~10 up to 7,000 km 2 (center of the Apollo basin). Low-relief rugged terrain (Figure 7d ): The flattened surface of this morphological unit has a rugged morphology due to numerous low (a few hundred meters) and curvilinear ridges. Some of the ridges are portions of impact crater rims. The low-relief rugged terrain occurs in two localities within the map area: (1) inside the Apollo basin between its inner and outer rims and (2) in the southwestern corner of the map area where this unit shows no associations with specific impact structures.
Relative and Absolute Model Ages of the Map Units

Stratigraphic Relationships
The relationships of superposition, embayment, as well as the degradation state of landforms establish consistent relationships between the relative ages of our defined morphological units and allow reconstruction of the general sequence of events in the study region. In the next section of the paper, we refine and calibrate the stratigraphic scheme with the estimates of the absolute model ages via CSFD measurements.
The crisp morphology and prominent systems of rays and secondary craters indicate that craters possessing these features are the youngest in the study region. Ejecta and secondary craters of these primary craters overlay or cut across all other adjacent landforms (Figure 8a ). Traditionally, these craters are defined as the Copernican primary craters (Wilhelms & McCauley, 1971Wilhelms & El-Baz, 1977 Lucchitta, 1978; Wilhelms et al., 1979) , unit Cc (Figure 9a ).
The absence of rays and a higher degree of degradation indicate that the sharp-crested craters ( Figure 5c ) and craters with subdued ejecta (Figure 5b ) are older than the craters with rays. The typically small (10-to 20-km diameter) sharp-crested craters are numerous in the map area, and these craters often superpose the craters with subdued ejecta (Figure 8a ). The small sharp-crested craters do not have a flat floor that is Note. SPA = South Pole-Aitken.
10.1029/2018JE005590
Journal of Geophysical Research: Planets large enough for reliable CSFD measurements, and the walls of such craters appear to be steep, which causes fast removal of the younger craters. Thus, the CSFD measurements on these craters cannot be used to define reliable AMAs. They certainly predate the Copernican craters and postdate the craters with subdued ejecta (Figure 8a ). In our study, we interpret the sharp-crested craters as structures of Eratosthenian age (unit Ec, Figure 9a ) and craters with subdued ejecta as features of Imbrian age.
The Imbrian craters can be further divided into two groups that are either younger or older than the stratigraphic marker provided by the ejecta from the Orientale basin, whose ejecta and chains of secondary craters overlay the eastern edge of the study region (Unit LIo, Figure 9b ). For example, ejecta from crater Ioffe overlays the sculptured terrain formed by the ejecta of the Orientale impact (Figure 8b ). Chains of Orientale secondary craters are seen on the floor of crater Fizeau (Figure 8c ). Both craters belong to the morphological class of the craters with subdued ejecta (Figure 5b ) but formed before (e.g., Fizeau) and after (e.g., Ioffe) the Orientale basin. The absolute model age of the Orientale event corresponds to the transition from the Lower to the Upper Imbrian system (e.g., Stöffler et al., 2006 , and references therein). The stratigraphic relationships with the Orientale-related features/materials and the CSFD measurements for craters that are Varieties of light plains that preferentially occur within smaller craters on the SPA rim ( Figure 7b ) do not fill the Eratosthenian sharp-crested craters. Thus, in our stratigraphic scheme, we interpret occurrences of the craterfilling plains as having Imbrian ages (unit Ilp, Figure 9c) . Materials of the dark and light plains in the study area embay the surrounding terrains (Figures 7a and 7c) and therefore younger. The AMAs of these plains were determined to correspond to the Upper Imbrian system by (Pasckert et al. (2018;  units UIdp and UIlp, Figure 9d ).
Ejecta from the Early Imbrian crater Fizeau overlays the rim and floor of the crater Minkowski ( Figure 8d) ; thus, Minkowski is older than Fizeau. The morphology of Minkowski crater is typical for the majority of impact structures in the study region. Although these craters usually have a complete (or nearly complete) rim, their ejecta deposits have mostly vanished and only a proximal portion of continuous ejecta is still visible near the crater rims (Figure 6a ). The relationships exhibited by crater Fizeau suggest that craters possessing prominent rims, but lacking most of their ejecta, are older than the Early Imbrian craters, so we interpret them as belonging to the Nectarian and pre-Nectarian systems (Figure 9e ).
The plain-like terrains with the rugged surface texture (Figure 7d ) occur in the southwestern corner of the map area in association with the extensive fields of light and dark plains (units UIlp and UIdp, Figure 9d ), as well as within the Apollo basin. In the first location, the light plains embay the rugged terrain, which, in turn, embays the ejecta of the Early Imbrian crater Bose (Figure 8d ). These relationships indicate that the rugged terrain is older than the Late Imbrian light plains and younger than the Early Imbrian Bose ejecta. CSFD measurements on the surface of the plain-forming rugged terrain near craters Bose and Bhabha (see next section) indicate an Early Imbrian age for the rugged terrain (unit LIrp, Figure 9d ). Inside the Apollo basin, the rugged terrain is embayed by Late Imbrian light plains and embays sections of the massifs of the Apollo inner rim (Figure 8f ). CSFD measurements on the surface of the plain-forming rugged unit in the Apollo basin (see next section) indicate an old, pre-Nectarian age (unit pNlrAPL, Figure 9f ).
The oldest, certainly pre-Nectarian, terrains in the study area are associated with the primary features of the Apollo and SPA basins. Within the Apollo basin, the oldest materials form the basin rim massifs (unit pNrmAPL, Figure 9f ). Within the SPA basin, the oldest materials occur within both topographic domains in the form of a morphological unit consisting of strongly degraded craters (Figure 6d ). Within the map area, the Nectarian/pre-Nectarian crater materials (unit NpNc, Figure 8f ) overlay this morphological unit, which we have split into two units according to their locations, pNmSPAf (the SPA floor domain, Figure 9g ) and pNmSPAr (the SPA rim domain, Figure 9g ). Within the SPA rim, materials of the unit pNmSPAr surround the high-standing massifs of the basin rim (unit pNrmSPA, Figures 8h,9g ), but the relative ages of these units cannot be established confidently and CSFD measurements on their surfaces do not provide reliable results.
The assessment of the relative age relationships among the morphological units allowed the transformation of the morphological map into the geological map (Figure 10a ). The map, along with the correlation chart of the stratigraphic units (Figure 10b ), shows the distribution of processes that acted in the northern portion of the SPA basin in space and time.
Absolute Model Ages
The correlation chart (Figure 10b ) represents a qualitative assessment of the sequence of events that shaped the surface in the study region. In order to calibrate this stratigraphy with absolute model ages, we performed CSFD measurements for key units. We used the lunar cratering chronology developed by Neukum et al. (2001) and Stöffler et al. (2006) . It is important to note that the lunar chronology for the pre-Nectarian terrains has major uncertainties (summarized in Stöffler et al., 2006) , mostly due to the absence of a robust correlation between the radiometric ages and specific pre-Nectarian landforms. Thus, our AMA determinations of the oldest units within the northwestern portion of the SPA basin represent the model-dependent estimates.
The AMA of the SPA basin was estimated to be~4.2-4.3 Ga (Hiesinger et al., 2012) , and the SPA impact was the first major recognizable event in the area of our study. Previous determinations of the AMA of Apollo basin range from 4.14 + 0.02/À0.03 (Orgel et al., 2018) , an age determined using the Fassett et al. (2012) data set with a buffered nonsparseness correction, to 3.91 + 0.04/À0.06 (Hiesinger et al., 2012) . In our study, we estimated the AMA of the Apollo basin to be 3.98 + 0.04/À0.06 (Figure 11a ). This AMA value is based on our mapping results that allow better determination of the basin boundaries.
We also conducted CSFD measurements for a number of larger craters (>1 km) that occur at different states of preservation to establish age markers and, thus, characterize the ages of the stratigraphic units represented by these craters. We typically counted superposing craters on the crater floors within the impact melt deposits because this method would tend to provide the lower age limit of the crater formation age. The only 
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Journal of Geophysical Research: Planets exclusion was the crater Maksutov the floor of which is covered by dark plains. For this impact structure, we did the CSFD measurements on its ejecta blanket. Figure 11b ) to 3.86 + 0.04/À0.06 (Stoney, Figure 11d ). The AMA of the crater Gerasimovich-R is estimated to be 3.88 + 0.04/À0.05 (Figure 11c ). (Figures 14a-14c) , which correspond to Early and Late Imbrian ages. The light plains that are localized inside craters are likely the deposits of distal ejecta from remote craters and basins (Muehlberger et al., 1972; Eggleton & Schaber, 1972; Head, 1974; Meyer et al., 2016) . The large variations in the AMAs for these plains (Figures 14a-14c ) suggest different sources.
The low-relief rugged terrain areas have distinctly different AMAs in different locations. In the southwestern corner of the map area (Figure 9d ), the AMA is about 3.80 + 0.02/À0.02 Ga (Early Imbrian age, unit LIrp, Figure 14d ), whereas the rugged terrain within the Apollo basin ( Figure 9f ) is significantly older: its AMA is 3.98 + 0.04/À0.06 Ga (pre-Nectarian age, unit pNlrAPL, Figure 14e ), which coincides exactly with the AMA for the Apollo basin (Figure 11a ). The practically identical, tight spatial association with the Apollo basin, and small topographic variations of the pre-Nectarian rugged terrain strongly suggest that this unit represents Apollo impact melt.
The AMAs for the dark plains and many patches of the light plains on the SPA floor, clustered near the ages of 3.5-3.6 Ga (Figure 15 ), have been estimated by Pasckert et al. (2018) , and in our work we adopted these ages.
Figure 15 summarizes our AMAs for key stratigraphic markers such as the Apollo basin and large impact craters in the study region. Practically all occurrences of the plain-forming units are of Imbrian age, and the majority of the dark plains, which are interpreted as volcanic materials (Haruyama et al., 2009; Head, 1976; Stuart-Alexander, 1978; Wilhelms et al., 1979) , are of Late Imbrian age.
Discussion
The morphologic characteristics of the units defined in our map area to a large degree constrain their possible origin. For example, the dark and morphologically smooth surface of the dark plains strongly supports a volcanic origin (e.g., Wilhelms et al., 1979) . In contrast, the light plains can be related to both volcanic (Schultz & Spudis, 1979) and impact (Muehlberger et al., 1972) processes, and their morphology is not enough to confidently assess their mode of origin.
The compositional maps of FeO and TiO 2 concentrations derived from the Clementine mission spectral data (Lucey et al., 1998 have resolutions comparable to the WAC mosaics and, in contrast to Kaguya compositional maps (Lemelin et al., 2016; Ohtake et al., 2014; Uemoto et al., 2017) , cover the entire area of our study. The Clementine compositional maps provide additional and independent information, which in combination with the photogeological analysis, helps to interpret the nature of the mapped units and address several important problems of the regional geology of the SPA basin.
Iron and Titanium Concentrations of the Stratigraphic Units
One of the major issues regarding the history and evolution of the SPA region is the age and extent of volcanic activity within the basin (Haruyama et al., 2009; Head, 1976; Pasckert et al., 2018; Stuart-Alexander, 1978; Wilhelms et al., 1979) . Obvious volcanic plains (dark plains, unit UIdp) make up a small fraction of the map area (Table 1) , occur in isolated local lows, and cover relatively small areas (Figure 9d) . The other types of the plain-forming units in our study area (i.e., the Imbrian light and rugged plains, units UIlp and LIrp) are more abundant (Table 1 and 
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Journal of Geophysical Research: Planets origin (morphologically smooth ejecta). The problem of the extent of the mare and cryptomare deposits on the SPA floor (Gibson & Jolliff, 2011; Jolliff et al., 2011 ) is important because they presumably mark the beginning of volcanism in the SPA region, illustrate migration of volcanic activity through time, and, potentially, could cause the iron signature within the SPA region. Thus, we investigated and compared the FeO and TiO 2 concentrations of these units to aid the interpretation of their origin(s).
Both iron and titanium are major components of lunar basalts, in which concentrations of FeO and TiO 2 are typically higher than~17 wt% and~3 wt%, respectively (e.g., Taylor et al., 1991) . Although very low-Ti lunar basalts (<~1 wt% of TiO 2 ) have been identified among the lunar samples, they are rare (Giguere et al., 2000) and rich in iron,~20 wt% of FeO (Taylor et al., 1991) . In contrast, the lunar highland rocks are generally much poorer in both iron and titanium, <6 wt% of FeO and <1 wt% of TiO 2 (Dymek et al., 1975; Taylor et al., 1991; Warren et al., 1987) , although there is a known mafic impact-melt component in the lunar highlands (e.g., 
Journal of Geophysical Research: Planets Ryder & Wood, 1977) . It is possible that the nature of the formation of the SPA basin allowed the formation of impact melt deposits with more iron-and titanium-rich compositions (e.g., Moriarty & Pieters, 2018) than that sampled by the Apollo and Luna missions. Thus, our analysis is limited to the comparison between known sample compositions and the global remote sensing data set.
Here we compare the Clementine model contents of FeO and TiO 2 (Lucey et al., 1998 for the map units in our study with those typical of the Serenitatis and Humorum maria. We selected these maria as references for two reasons.
(1) The model FeO and TiO 2 concentrations in both regions are similar to the iron and titanium distribution in other lunar maria ( Figure 16 ) and (2) the Clementine data for these regions are gapless and show no artifacts related to different orbits. Thus, random points from the Serenitatis and Humorum maria provide a representative and unbiased sample of the FeO and TiO 2 concentrations in the lunar mare basalts. 
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Points that show the model concentrations of FeO and TiO 2 in the Serenitatis and Humorum volcanic materials are completely intermixed in the TiO 2 -FeO plot (Figure 17a ), indicating the absence of systematic differences in the FeO and TiO 2 abundance within both mare regions. Another important characteristic of the Serenitatis and Humorum mare basalts is a pronounced positive correlation between the titanium and iron concentrations, with a correlation coefficient of~0.73, which is significant at any reasonable confidence level for our mare sample that includes~60,000 data points (Figure 17a) .
Dark Plains (UIdp)
The early Imbrium dark plains unit (UIdp; green dots in Figure 17a ) exhibits mean values of FeO and TiO 2 content that lie inside the cloud of points representing the Serenitatis and Humorum maria and show a correlation between the TiO 2 and FeO concentrations that is characteristic of mare basalts. The model concentrations of FeO and TiO 2 of the dark plains in the northern portion of the SPA basin are consistent with those of low-titanium type of lunar basalts (Taylor et al., 1991) .
Pre-Nectarian Rim Materials (pNrmSPA)
In contrast, the pre-Nectarian unit that composes the majority of the SPA rim domain (pNmSPA, yellow dots in Figure 17a ) is characterized by lower concentrations of both FeO (<~8 wt%) and TiO 2 (<~1 wt%), compared with both the Serenitatis/Humorum maria and the dark plains on the SPA floor. The other characteristic feature of the SPA rim unit is the absence of a steep, mare-like trend of mutually increasing TiO2 2 and FeO concentrations. As the model FeO concentrations in the rim units increase from~4 to~7 wt%, the TiO2 concentrations show little variations and remain low, at less than~1 wt%. As a result, the points of the SPA rim unit form a flat trend in the FeO/TiO 2 diagram (Figure 17a ). The contrasting behavior of iron and titanium in the nonmare (rim materials) and mare (dark plains) units suggests that the FeO and TiO 2 concentrations can serve as discriminators potentially allowing separation of the volcanic and nonvolcanic materials.
Light Plains (UIlp)
The FeO and TiO 2 mean concentrations of the light plains (unit UIlp) form two groups of points (Figure 17b ). The first group (yellow dots in Figure 17b ) follows the flat TiO2-FeO trend, which characterizes the SPA rim units. The lower concentrations of iron and titanium and the flat trend for this group suggest that they likely represent morphologically smooth crater ejecta from highland materials that are enriched in iron relative to the SPA rim units. The second group (green dots in Figure 17b ) has higher iron and titanium concentrations and appears to follow the steep TiO 2 -FeO trend typical of the volcanic materials. These light plains probably represent cryptomaria (e.g., Schultz & Spudis, 1979; Whitten & Head, 2015) and are concentrated mostly within the southwestern portion of the map area (light plains marked by arrows in Figure 9d ). 
. Rugged Plains (LIrp)
The Early Imbrian rugged plains (unit LIrp), as well as the light plains (unit UIlp), have morphologically smooth surfaces with a higher albedo than the dark plains. In the FeO-TiO 2 diagram, rugged plains points (green dots in Figure 17c ) are tightly clustered at the lower end of the volcanic FeO/TiO 2 trend similar to the light plains of the second group (cryptomaria). We interpret both the higher concentrations of iron and titanium and the noticeable correlation of these components as indicative of a volcanic origin for the rugged plains, and thus, the plains likely represent cryptomaria on the SPA floor.
The rugged plains exhibit an Early Imbrian AMA (Figure 15) representing the oldest recognizable plain-forming unit on the SPA floor in our study area. Occurrences of the rugged plains are concentrated in the southwestern corner of the map area (Figures 9d and 10a) , that is, in the topographically lower central region of the SPA floor (Figure 3c ). The younger, Late Imbrian volcanism on the SPA floor present as both dark and light plains, continued to be active near the basin center and in the northern segment of the floor in and around the Apollo basin (Figure 9d ). Effusive volcanism dominated in the northern portion of the SPA basin, but in the large floorfractured crater Oppenheimer to the west of the Apollo basin, pyroclastic activity produced several dark-mantling deposits (Gaddis et al., 2003 (Gaddis et al., , 2013 at apparently the same time as the majority of the effusive volcanism (Ivanov et al., 2016) .
Origin of the SPA Iron Signature
The other major question regarding the SPA basin is the origin of the extensive iron and thorium signature in this region (Lawrence et al., 2000 (Lawrence et al., , 2002 Lucey et al., 1998 Lucey et al., , 2000 . In our study, we address only the possible origin of the iron signature, but the close spatial association of both components (Garrick-Bethell & Zuber, 2005 Jolliff et al., 2000) suggests that their enhanced concentrations on the SPA floor may have the same origin. We consider three different possible origins for the signature in the context of our study: (1) volcanic deposits, (2) impact melt deposits, and (3) vertical compositional stratification of the crust/mantle.
Volcanic Origin
The existence of the SPA iron signature might be consistent with the presence of volcanic materials on the basin floor (Figure 9d ). However, although the volcanic (or presumably volcanic) plains are rich in iron (Figure 17 ), they cannot account for the entire SPA iron signature for two reasons.
(1) The model concentrations of FeO in the dark volcanic plains, possible cryptomaria, and rugged plains are higher (>~12 wt% of FeO) than the typical FeO concentrations of the SPA iron signature (~10-11 wt%). (2) The plain-forming units on the basin floor (even if all occurrences of possible impactrelated light plains are considered to be volcanic materials) comprise only~8%-10% of the map area (Table 1) ; the iron signature, however, is much more extensive and occupies over~60% of the study region.
Impact Melt Deposit
The fractional differentiation of a large impact melt body formed by the SPA impact provides another possible explanation for the iron signature (Vaughan & Head, 2014) . In this model, a very thick and voluminous, (~50 km,~108 km 3 ) body of impact melt differentiated, producing an uppermost norite-like layer~12.5-km thick overlying a layer of pyroxenite (~30-km thick) with a volume of dunite cumulates at the bottom (Vaughan & Head, 2014) . The fractional differentiation model explains the virtual absence of olivine exposures on the SPA floor, the floor iron signature, and the slightly elevated concentrations of thorium in this region by preferential concentration of incompatible elements in the late derivates. 
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A major challenge of the melt-pool differentiation model is the lateral extent of the norite-like lithology that corresponds to the Mg-pyroxene annulus that overlies almost the entire SPA floor (Moriarty & Pieters, 2018) . In the framework of the differentiation model, the annulus may represent the roof of the body of differentiating impact melt, the thickest portion of which is confined within the transient crater (Vaughan et al., 2013) . The annulus, thus, marks the edges of the transient cavity. The diameter of the annulus is~1,000-1,100 km (Moriarty & Pieters, 2018) , however, a transient cavity of this size as calculated by Melosh et al. (2017) would cause the emplacement of large quantities of mantle material on the SPA rim.
To restrict the emplacement of mantle materials within the SPA floor may require a much smaller transient crater, which would allow formation of a melt pool within a roughly circular (~400-to 500-km diameter) area near the apparent center of the SPA basin (Ohtake et al., 2014; Uemoto et al., 2017) . This area approximately 
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Journal of Geophysical Research: Planets corresponds to the SPA compositional anomaly (Moriarty & Pieters, 2018) and is characterized by abundant Ca, Fe-rich pyroxenes (Moriarty & Pieters, 2015 Ohtake et al., 2014) .
Results of our study indicate that the majority of this area is covered by low-Imbrian rugged plains (unit LIrp, Figures 9 and 10 ) that likely represent cryptomare deposits. The relatively young AMA (3.80 ± 0.02 Ga, Figure 14d ) of the rugged plains is inconsistent with their interpretation as the SPA impact melt. Moreover, the dimensions of the area occupied by unit LIrp (400-500 km), which is comparable with the diameter of the Apollo basin (400-450 km), cannot explain both the overall dimensions and topographic configuration of the iron signature of the SPA basin.
Compositional Stratification of the Crust/Mantle
A key characteristic of the SPA iron signature is its strong correlation with the regional topographic configuration of the basin. Regions that lie below the zero contour line (i.e., the SPA floor domain, Figure 3b ) are significantly richer in iron (>~7.5 wt% of model FeO), whereas the area above the zero contour line typically has less than~7.5 wt% of FeO. Thus, the sources of the signature must be units that occur within the SPA floor topographic domain. The horizontal dimensions of the signature and its intensity require that the source units should make up a large fraction of the basin floor and have an appropriate FeO content (~10-15 wt% FeO).
In our study region, only two units fit these requirements: (1) Nectarian and pre-Nectarian crater materials (NpNc) and (2) pre-Nectarian SPA floor materials (pNmSPAf). Exposures of these units make up~50% of the SPA floor in the study region, and their typical iron concentrations are~11-15 wt% of the model FeO, similar to the iron concentrations in the majority of the SPA signature.
Unit NpNc is the result of impact reworking of preexisting materials such that its compositional characteristics were inherited from these older units. For example, the principal pattern of the iron concentrations of unit NpNc coincides with the distribution of the iron content in the underlying materials and repeats the strongly bimodal distribution of iron between the SPA floor and rim domains (Figure 18 ). Therefore, unit NpNc cannot be a primary source of the SPA iron signature. The only visible unit responsible for the signature thus must be the oldest materials on the SPA floor: unit pNmSPAf (Figure 9g ), in which typical concentrations of FeO vary from 11 to~14.5 wt% (Figure 18a ).
The units that form the SPA rim domain in our map area (pNmSPAr and pNrmSPA) are stratigraphically equivalent to the pre-Nectarian floor materials (Figure 10b ) but show significantly lower concentrations of FeO (~3-7 wt%) (Figure 18b ). This indicates that the distribution of iron concentrations in the oldest units of the study region is strongly bimodal and coincides with the bimodal distribution of the major topographic features in the northern portion of the SPA basin (Figure 3b) . The topographic bimodality of the study area is a characteristic generated by the SPA impact event. It follows that the relationship between the topography and FeO concentrations may also be a result of the impact. In this case, the SPA iron signature would represent an indigenous feature of the basin, as proposed for the SPA thorium signature (Garrick-Bethell & Zuber, 2009; Jolliff et al., 2000) and cannot be explained by the deposition of ejecta from the younger basins such as Imbrium (Haskin et al., 1998) or Serenitatis (Wieczorek & Zuber, 2001 ). Thus, we consider whether a compositional stratification of the crust/mantle could explain the signature. 
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Owing to our poor knowledge of the lunar interior, model compositions of the lunar mantle vary from predominantly olivine-rich (see review in Wieczorek et al., 2006) to predominantly low-calcium pyroxene (Kuskov, 1997; Melosh et al., 2017) . In any case, the hypothetical exposed mantle material would be strongly different in composition from the lunar anorthositic crust, which is exposed on the SPA rim. Could this disagreement be related to the nature of the SPA impact?
Numerical simulations of SPA-forming mega impacts (30°-60°) predict large excavation depths and the emplacement of a kilometer-thick layer of mantle materials outside the transient crater (Melosh et al., 2017; Potter et al., 2012) , the size of which is an important quantity governing the spatial distribution of the ejecta. However, in scenarios for the SPA impact that give the smallest transient crater (850-to 1,000-km diameter), the model predicts emplacement of a layer (at least a few kilometers thick) of mantle materials well beyond the outer best fit topographic ellipse defined by Garrick-Bethell and Zuber (2009) . These mantle materials, thus, should dominate the SPA rim topographic domain that consists of the units pNmSPAr and pNrmSPA (Figures 9 and 10) . However, in contrast to the model predictions, these SPA rim materials are characterized by lower FeO concentrations ( Figure 17 ) and anorthositic lithology (Moriarty & Pieters, 2018) . This result led Melosh et al. (2017) to propose that the lunar upper mantle is composed of low calcium pyroxene rather than olivine. These model results are also consistent with our interpretation that the SPA iron signature is the result of a compositionally stratified crust/mantle, where the iron signature corresponds to exposed upper mantle materials with higher Fe contents (unit pNmSPAf, Figures 9 and 10) than the highlands materials deposited on the SPA rim as ejecta (units pNmSPAr and pNrmSPA, Figures 9 and 10 ).
Conclusions
Detailed photogeological analyses of the northern portion of the SPA basin (10°-60°S, 125°-175°W) allowed us to map a set of morphologically uniform and distinct material units. Determination of their relative and absolute model ages resulted in the compilation of a geological map (1:500,000 scale) and a correlation chart of the units that illustrate the sequence of the major events in the study region.
The first recognizable event was the SPA-forming impact that created the primary topographic configuration of the basin, consisting of SPA floor and rim topographic domains. The characteristic topographic difference between the domains is~8.5 km. The largest impact structure in the map area that clearly postdates the SPA event is the Apollo basin (~3.98 + 0.04/À0.06 Ga).
Analyses of the morphology and modeled concentrations of FeO and TiO 2 in key stratigraphic units helps assess the origins of the map units. In the study area, there are two principal morphological classes of units: the cratered terrains and plain-forming materials. The plains are the result of deposition of both volcanic flows and impact melt breccias. The volcanic plains are characterized by a prominent correlation between their iron and titanium concentrations.
The oldest volcanic materials (dark, light, and rugged plains) in the study area are concentrated in its southwestern corner near the center of the SPA basin and have Early Imbrian ages of~3.80 + 0.02/À0.02 Ga. The younger, Late Imbrian volcanic activity in the study area migrated to the northern portions of the SPA floor and occurred in and around the Apollo basin. The volcanic plains cover~8% of the map area and occur as relatively small patches that fill local topographic depressions of impact craters. The limited extent of the volcanic plains and their localization within isolated lows indicate that volcanic activity on the SPA floor could not have changed the original depth of the basin significantly or be the principal source of the extensive SPA iron anomaly.
Analyses of the variations of the FeO concentrations in different units show that the oldest, pre-Nectarian units in the study region are responsible for the formation of the SPA iron anomaly. The other oldest unit in the study region (pNmSPAr) forms the rim of the SPA basin and is characterized by low concentrations of iron (<~7.5 wt% of FeO). In contrast, the oldest unit that makes up the SPA floor domain (pre-Nectarian crater materials, pNmSPAf) occupies a significant portion of the floor and the most typical FeO concentrations in its materials vary from~11 to~14.5 wt%, corresponding to the typical iron concentrations of the SPA anomaly. Unit pNmSPAf likely does not represent the result of the impact reworking of the preexisting volcanic plains unless these hypothetical volcanic materials are poor in iron. The rugged plains unit, although exhibiting a morphology that might be interpreted as an impact melt unit, is much younger than the SPA
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Journal of Geophysical Research: Planets basin and is thus unlikely to represent a differentiated impact melt deposit. Postulated impact melt bodies within SPA are also not areally extensive enough to explain the iron signature. We conclude that the iron signature is consistent with a preexisting crust/mantle compositional contrast that was unearthed by the SPA impact.
